Analytical models for propellant thermal stratification are typically based on smooth wall flow correlations. However, many propellant tank walls have a mass-saving isogrid, which alters the boundary layer. This work investigates the boundary-layer behavior over walls with obstruction elements that are representative of isogrid or internal stiffener rings. The experimental studies reveal that the thickness of the velocity boundary layer over an isogrid wall is more than 200% thicker than a smooth wall at full-scale upper-stage tank Reynolds numbers. For buoyancy-induced free convection flows, the computational-fluid-dynamics models demonstrate that the velocity boundary layer over a wall lined with obstruction elements may be thicker or thinner than the equivalent boundary layer over a smooth wall, whereas the thermal boundary layer is always thicker for the rough wall. A Rayleigh number scaling analysis is presented for a range of fluids, tank and obstruction sizes, heat loads, and acceleration levels. When the results are applied to a full-scale liquid-hydrogen tank with obstruction elements, the stratification layer is 18% thicker, and the stratum fluid is 31% warmer than the corresponding results for the smooth wall tank. The increase is attributable to the augmented heat transfer area and enhanced mixing of fluid due to the obstruction element. 
Analytical models for propellant thermal stratification are typically based on smooth wall flow correlations. However, many propellant tank walls have a mass-saving isogrid, which alters the boundary layer. This work investigates the boundary-layer behavior over walls with obstruction elements that are representative of isogrid or internal stiffener rings. The experimental studies reveal that the thickness of the velocity boundary layer over an isogrid wall is more than 200% thicker than a smooth wall at full-scale upper-stage tank Reynolds numbers. For buoyancy-induced free convection flows, the computational-fluid-dynamics models demonstrate that the velocity boundary layer over a wall lined with obstruction elements may be thicker or thinner than the equivalent boundary layer over a smooth wall, whereas the thermal boundary layer is always thicker for the rough wall. A Rayleigh number scaling analysis is presented for a range of fluids, tank and obstruction sizes, heat loads, and acceleration levels. When the results are applied to a full-scale liquid-hydrogen tank with obstruction elements, the stratification layer is 18% thicker, and the stratum fluid is 31% warmer than the corresponding results for the smooth wall tank. The increase is attributable to the augmented heat transfer area and enhanced mixing of fluid due to the obstruction element. I. Introduction P AYLOADS requiring insertion into high-altitude orbits are delivered using the upper stages of chemical rockets, which normally employ cryogenic propellants. During the transfer period between orbits, the upper stage may coast for several hours, during which time the thermodynamic state of the propellants may vary due to solar heating. At the conclusion of the coasting phase, and in preparation for orbital insertion of the payload, the propellants must be within a narrowly defined range of temperature and pressure for the engine to resume operation. Buoyancy-driven thermal stratification of the propellant takes place during the coast and plays an important role in influencing the propellant temperature and ullage gas pressure before engine restart.
Propellant thermal stratification models have been developed to provide mission planners with tools to obtain estimates for propellant temperature at the conclusion of a low-acceleration coast between two orbits [1] [2] [3] [4] [5] . Analytical propellant stratification models are based on buoyancy-driven free convection velocity and temperature correlations developed for flow along smooth vertical walls. However, many rockets do not have smooth-walled internal tank surfaces but rather use grid geometries, such as isogrid and orthogrid, to save tank mass while maintaining the structural integrity of the tank [6, 7] . There are no buoyancy-driven velocity and temperature correlations for flows over the highly three-dimensional isogrid-type obstructionlined walls available in the literature.
The purpose of this work is to present the results from an experimental and numerical study that investigated the impact of isogridtype obstructions on a boundary layer and then apply those findings to the modeling of thermal stratification within rocket propellant tanks lined with obstruction elements. This work demonstrates that the buoyancy-driven free convection flows over isogrid and orthogrid elements result in velocity and temperature profiles that differ significantly from smooth-wall correlations. The findings of this study demonstrate that thermal stratification modeling based on smooth wall analytical correlations may over-or underpredict the thickness and temperature of the stratum layer. An improved model, which takes into account the wall obstruction geometry, would provide mission planners with a more accurate assessment of the thermal stratification and final temperature of the propellant before engine restart.
Section II of this paper presents a review of propellant thermal stratification modeling as well as the impact of wall obstruction on the boundary layers over a flat plate and the effect of large-scale flow obstructions near a wall. Section III describes the results of an experimental study, and Sec. IV presents computational fluid dynamics (CFD) results of thermal stratification in propellant tanks. Section V summarizes the conclusions found in this investigation and future work.
II. Review of Thermal Stratification and Rough-Wall Boundary-Layer Modeling
This section presents a review of analytical approaches to modeling thermal stratification within a cryogenic propellant tank. The stratification models are used to make predictions on the thermodynamic state of the propellant at the conclusion of a lowacceleration coast phase. However, the boundary-layer correlations on which the thermal stratification models are based use smooth walls. This section will also provide a brief review of boundary-layer modeling approaches to walls with obstruction (isogrid and orthogrid) and larger-scale obstructions (internal stiffener rings).
A. Overview of Thermal Stratification in Rocket Propellant Tanks
Modeling of propellant thermal stratification requires an understanding of the mechanisms by which mass and energy are transported within the tank. The principal mechanism is buoyancyinduced natural convection, which is initiated by solar heating of the tank walls [1] [2] [3] [4] [5] . A schematic of thermal stratification occurring within a propellant tank is shown in Fig. 1 .
A boundary layer forms due to the lower density of the warm fluid along the inner walls of the tank. Mass is entrained into the boundary layer, heated, and transported to the upper region of the cold bulk fluid, forming a thermally stratified layer with a thickness that increases with time Δt. If this layer of warmer fluid propagates to the entrance of the turbomachinery, then the turbopump may not function due to the propellant temperature being outside the prescribed range of turbopump operation, and the engine may not restart. Additionally, the ullage pressure rise associated with a thermally stratified tank is greater than the pressure rise associated with the cryogenic fluid mixed at uniform temperature, leading to tank overpressurization and prevention venting of gaseous propellant, which is especially relevant for the self-pressurizing LH 2 . Additional detailed descriptions of thermal stratification within rocket propellant tanks can be found in [1] [2] [3] [4] [5] .
A summary of the range of propellants, tank geometries, and thermodynamics parameters used in upper-stage modeling efforts is shown in Table 1 .
Upper stages undergo coast phases between orbits at low acceleration levels around 10 −3 -10 −5 of Earth gravity [8] . The stage is also typically spun about its long axis for thermal conditioning.
B. Review of Thermal Stratification Modeling Within Rocket Propellant with Smooth Walls
Given the operating regime of the upper stage during its 1-4 h coast between orbits, the buoyancy-driven free convection flows along the tank's internal walls can be laminar or turbulent. The primary parameter used to classify buoyancy-driven free convective flows is the nondimensional Rayleigh number Ra (for constant wall temperature) or Ra (for constant wall heat flux), which is the product of the Grashof number Gr (ratio of buoyancy to viscous forces), and the Prandtl number Pr (ratio of viscous to thermal diffusivity) [9] . The transition Ra number from a laminar to a turbulent boundary layer for a wall with constant temperature is about Ra 10 9 , and the transition modified Ra number for walls with constant heat flux is about Ra 10 11 .
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The temperature difference θ w is defined as the difference between the wall temperature T w and the fluid bulk temperature T b . During the low acceleration coast typically associated with upper stages and heat loads shown in Table 1 , the buoyancy-driven free convection boundary layer on the inner tank walls is typically laminar [1] . In contrast, for propellant stratification situations that arise when the vehicle is on the launch pad (where both Ra and Ra are orders of magnitude above transition), the wall boundary layers are predominantly turbulent. The nature of the boundary layer is important for determining how quickly the fluid stratifies and what stratum temperature is achieved. Laminar-to-turbulent boundary-layer transition guidelines have not been validated for walls featuring isogrid or tank stiffener ring type obstruction. The numerical models of propellant thermal stratification for isogrid-lined tanks developed in this study investigate cases of heated tanks with constant wall temperature. The Rayleigh number will be varied over a range of operational environments relative to upperstage vehicles by varying the acceleration level and the tank wall temperature. Simulations involving tank walls heated by a constant heat flux will be examined in future work. Analytical correlations for velocity and temperature profiles for a smooth wall within a laminar boundary layer for constant wall temperature are given by Eqs. (3) and (5), respectively:
In these expressions, θy Ty − T b and θ w T w − T b , where T w is the constant wall temperature, and T b is the fluid bulk temperature. The velocity and temperature profiles for a smooth wall within a turbulent boundary layer are given by Eqs. (6) and (8), respectively:
Again, the analytical correlations presented in Eqs. (3) (4) (5) (6) (7) (8) are for smooth walls. More details regarding the use of the boundary-layer equations for prediction of the thermal stratification layer growth and temperature as well as the analogous correlations for cases of constant wall heat flux are given in [1] [2] [3] [4] [5] .
C. Boundary-Layer Modeling over Walls with Obstruction Elements
The momentum and thermal boundary-layer models used in the stratification models presented in [1] [2] [3] [4] [5] only apply to smooth walls. To understand the broad effects of an obstruction-lined wall on boundary-layer behavior, the wall can be first considered to have a certain characteristic roughness. An overview of the effects of wall roughness on boundary-layer behavior within pipes and over flat plates can be found in [7, 10] . The Moody chart for pipe flow with friction, and the equivalent for flow over a flat plate with uniform roughness, provides an estimate on the friction factor as a function of Reynolds number and relative roughness. Three points should be noted about the applicability of the Moody chart to the class of problems being investigated here. First, the size of the nondimensional relative roughness elements is (ε∕d) as commonly shown on the Moody chart is about 0.03, which is at the high end of the values present, and the dimensional obstruction height of the isogrid element is around 13 cm, which is larger than typical homogenous values, such as riveted steel or concrete, presented in the Moody chart. The typical velocities of the free convective boundary layer within the tank around 1 mm∕s, giving a Reynolds number based on a 4 m diameter of the upper-stage hydrogen tank on the order of 10 4 , which would provide a friction factor of about 0.06. The second point is that the Moody chart is for fully developed pipe flows, which is not analogous to the highly transient velocity, momentum and thermal boundary layers that develop on the walls of the upper-stage tank. The third point is that isogrid and orthogrid obstructions are highly threedimensional geometries that add vorticity in both the streamwise and spanwise direction of the flow. The roughness presented in the Moody chart is assumed to be uniform in the spanwise direction. In summary, friction factors and other correlations intended for fully developed pipe flow are highly different in character from buoyancydriven free convection flows.
The free convection flow over isogrid elements is more analogous to the flow behavior over discrete obstruction elements such as backward-facing steps, forward-facing steps, ribs, and fences shown in Fig. 2 . Fig. 2 Examples of boundary-layer flow interacting with common large-scale obstruction elements.
Numerical simulations and comparisons with experimental data have been completed for each of these typical geometries, including the effects of heat transfer. Experimental and numerical simulations for flows over backward-facing steps are discussed in [11] [12] [13] [14] [15] . Details of the flow entering into a forward-facing step have been investigated in [16] . The details of the flow structure over discrete rib elements are examined in [17, 18] , and the flow over a salient fence (essentially a very narrow rib) is studied by researchers in [19] .
Correlations for velocity profiles and flow reattachment distances, as well as for heat transfer augmentation due to such geometries, have also been developed [20] . Understanding the nature of these flows sheds insight into the flow behavior over an isogrid wall, and similar behaviors have been observed including the reattachment zones and the development of highly three-dimensional vortex structures that enhance momentum and heat transfer to the freestream fluid from the wall. Such complex three-dimensional flow structures will be seen in the CFD modeling of pressure-driven and buoyancy-driven flows over isogrid-lined walls in Sec. IV.
Another modeling approach is given by Panton [21] , which considers a channel with small trapped vortices occupying cavities along the wall, and if the cavity is deep enough, a series of Moffatt vortices would exist, and essentially the walls of the channel would be moving fluid. A more fundamental modeling approach is to consider a "fluid" wall in an unbounded shear flow, and the concept is that the boundary condition for such a wall is equivalent to a slip boundary. Free convection flows along vertical flat plates, within open cavities and within enclosures are discussed extensively in [9, 20, 22, 23] . Free convection within an open cavity has been used to model thermal stratification in propellant tanks partially filled with liquid (where the ullage gas occupies the upper portion of the tank), and free convection flows within closed cavities have been used to model propellant tanks filled with liquid [20] . Although there are heat transfer correlations for rectangular fins on vertical surfaces of various geometries, these do not replicate the three-dimensional nature of the propellant tank's internal geometry. Furthermore, these correlations are only validated at conditions relevant to Earth gravity levels and not to those lowacceleration levels associated with an upper-stage coast phase.
To develop velocity and temperature free convection boundarylayer corrections that are relevant to the conditions of an upper-stage coast, a series of preliminary experimental and numerical studies was undertaken to examine the influence of an isogrid wall on the shape of the velocity boundary layer above the wall. The results of this study can be used to develop improved correlations for velocity and temperature boundary-layer profiles, which then subsequently can be used to improve thermal stratification modeling tools.
III. Flat-Plate Experimental Study and Comparison with Computational Fluid Dynamics
The boundary-layer correlations used in the stratification models presented in [1] [2] [3] [4] [5] only apply to smooth walls. The purpose of the experimental study is to obtain data that can be used to validate and benchmark the CFD results using a smooth and isogrid-lined plate in a low-speed wind tunnel. These CFD models are then used to assess propellant tank thermal stratification over a range of conditions and tank wall obstruction geometries in Sec. IV.
A. Experimental Data Collection of Flow Over Flat Plate and Isogrid
An experiment to simultaneously measure flat-plate boundarylayer behavior over a smooth wall and an isogrid wall in identical wind-tunnel conditions was developed. This experimental setup was located in the Florida Institute of Technology low-speed wind tunnel. The test plate has two sides; one side is a smooth, polished flat surface, and the other side contains isogrid obstruction. The isogrid section begins 5 cm from the leading edge of the plate, and the leading edge of the plate has a removable boundary-layer trip strip. A picture of the test plate is shown in Fig. 3 .
The isogrid geometry is composed of equilateral triangular sections with 45 mm sides. The isogrid pockets are 18 mm deep, and the thickness of the wall elements is 2.5 mm. This geometry represents a generic pattern at approximately 1∕7th scale of that used inside a modern upper-stage rocket vehicle. This isogrid size and available wind-tunnel speeds result in Reynolds numbers that are on the same order of magnitude as those based on the peak velocity of liquid hydrogen within the wall boundary layer of full-size rocket propellant tanks. For example, Re h , the Reynolds number based on the height of the isogrid element, is about 2500 at a wind-tunnel speed of 2 m∕s, whereas Re h in a rocket propellant tank at nominal coast conditions is in the range of 500-5000 [1, 2] . Although this experiment cannot simulate the flow within the actual rocket propellant tank, it is intended to provide data that can be used to benchmark the CFD model at similar Reynolds number conditions. The CFD models are then used to predict the boundary-layer flow and thermal stratification within actual flight tanks at coasting conditions.
A combination of static pressure measurements and single hotwire anemometers were used to make detailed measurements of the boundary-layer behavior over the flat plate. Measurements of velocity as a function of position above the surface of the plate were made at 10 downstream locations, beginning at the leading edge of the plate and every subsequent 10 cm. Measurements made on the smooth flat-plate side agreed very well with laminar and turbulent (when the trip strip was employed) boundary-layer theory. Measurements on the isogrid side of the plate were made during the same wind-tunnel test and at the same locations. A precision traverse is used to place the anemometer to better than 0.01 mm. A singlewire anemometer was used to measure flow velocity above the isogrid elements at the same downstream locations as on the smooth side of the test article. Static pressure measurements were made on the upper surfaces of the isogrid elements as well as inside many of the isogrid pockets at different locations. The hot-wire anemometer uses a very thin wire about 5 μm in diameter. Provided the wire is not very long and any measurements taken are assumed at the center point of the wire, the hot-wire anemometer has significantly better spatial resolution than using a pitot-static tube. The hotwire passes current through, which causes the wire to output heat; the temperature has a direct effect over the resistance of the wire and thus affects the voltage read by the Wheatstone bridge. The small diameter of the wire ensures minimal heat capacity and heat storage. The nature of the material used in the hot-wire anemometer, and the electronics used to read the voltage give it a very high frequency response, compared to fiber film anemometers, laser Doppler anemometers, and particle imagery velocimeters. This allows the experimenter to capture flows with rapid changes [24] . Velocity data for both the smooth wall side and the isogrid side of the flat plate are shown in Fig. 4 for a freestream speed of U e 10 m∕s.
The upper row of four plots in Fig. 4 shows the nondimensional velocity, ζ u∕U e , against the nondimensional boundary-layer variable, η yU e ∕νx 1∕2 , at 10, 20, 40, and 60 cm from the leading edge of the flat plate. The average velocity u, is obtained over statistically sufficient sampling period of 10 s. The η 0 location is taken at the top of the isogrid elements, which also correspond to the flat plate zero height. When plotted against the 1∕7th power-law profile for turbulent boundary layers, the smooth flat-plate experimental data are in good agreement with the correlation, providing confidence that the experiment is performing as expected on the smooth flat-plate side and that the measurement apparatus is working properly. The difference in boundary-layer profile between the smooth flat plate and the isogrid surface is evident in the data. The isogrid surface has a larger boundary-layer thickness as well as larger boundary-layer velocity gradients, which are a result of the reverse flow and recirculation zones located in the isogrid pockets. Because the boundary-layer height is measured from the top of the isogrid elements, which is coincident with the surface of the smooth flat plate, the flow in the isogrid pockets has a significant impact on the shape of the boundary layer.
The lower row of four plots in Fig. 4 shows the rms velocity u rms within the boundary layer normalized by U e versus η at 10, 20, 40, and 60 cm from the leading edge of the flat plate. The data demonstrate that the isogrid wall typically has a 40-90% higher u rms within the boundary layer than the smooth wall boundary layer at the same distance from the leading edge.
The measurements shown in Fig. 4 are also used to calculate the boundary-layer thickness δ, displacement thickness δ , and momentum thickness θ for both the smooth wall and the isogrid side of the plate [10] . Figure 5 shows a comparison of the calculated δ, δ , and θ as a function of distance from the leading edge of the flat plate for the smooth wall case and the isogrid wall with a boundary-layer trip strip present at the leading edge of the plate for a flow velocity of U e 10 m∕s.
The measured data at 5 cm on the smooth side of the plate and the measured data over the first smooth 5 cm of the plate before the isogrid obstruction begins are in good agreement with each other and demonstrated agreement of better than 5% for all freestream conditions tests (U e 4-20 m∕s). For distances downstream of the isogrid obstruction, the trends shown in Fig. 5 demonstrate that the thickness of the boundary layer over the isogrid is substantially thicker than over the smooth wall. The data show that, at a distance of x 50 cm downstream of the leading edge of the plate, the boundary layer is about 96% thicker over the isogrid than over the smooth wall. Similar results were obtained for the range of freestream velocities considered in this series of experiments. The displacement thickness and momentum thickness also show a significant thickening on the isogrid side relative to the smooth plate at the same downstream distance. For example, at 50 cm from the leading edge of the plate, the displacement thickness is 228% thicker and the momentum thickness is 122% thicker on the isogrid plate as compared with the smooth plate. All data shown in Fig. 5 have been calculated using the average velocity u, over a sampling period of 10 s at each location. When taking into account the peak-to-peak fluctuations on the velocity, δ, δ , and θ have ranges of 0.25, 0.05, and 0.025 cm, respectively, as shown by the uncertainty bars in Fig. 5 . , and θ versus distance from leading edge for U e 10 m∕s over a smooth wall and isogrid wall.
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B. Computational-Fluid-Dynamics Modeling of Forced Flow over Smooth and Isogrid Walls
This section presents the CFD cases that were completed to compare the boundary-layer profiles over an isogrid plate as compared with a smooth plate. Two-dimensional and three-dimensional studies were completed with various sizes and configurations of isogrid elements. A grid-resolution study was completed to ensure grid independence of the solution, and for flat plate cases, the solutions for boundary-layer thickness, displacement thickness, and momentum thickness were compared against theoretical models. Table 2 presents a summary of the flat-plate cases performed, with the N 2 cases having a freestream temperature of 298 K and the LH 2 cases having a temperature of 16 K, and both fluids are at 1 atm. The table compares the theoretical turbulent boundary-layer thickness δ 0.15x∕Re x 1∕7 and the predicted boundary-layer thickness from the CFD model at 100 cm from the leading edge of the plate. Using the Reynolds number flat-plate transition criteria of Re trans 5 × 10 5 , all N 2 boundary layers are turbulent at 100 cm from the leading edge. For LH2, at freestream velocities of 1 and 10 m∕s, the boundary layers are turbulent at 13.3 and 1.3 cm from the leading edge, respectively, and for a freestream velocity of 0.1 m∕s, the boundary-layer transitions to turbulent at 133.4 cm from the leading edge.
The data of Table 2 demonstrate that the CFD model consistently predicts a larger boundary-layer thickness in the Reynolds number range of 3.75 × 10 5 − 7.74 × 10 7 as compared with the theoretical turbulent solution. As the Reynolds number increases, the agreement with the theoretical solution improves. For example, the LH 2 boundary-layer thickness at 100 cm is overpredicted by 16.4% by the CFD at a flow speed of U e 0.1 m∕s (Re 3.75 × 10 5 ) and by 12.9% by the CFD at a flow speed of U e 10 m∕s (Re 3.75 × 10 7 ). Included in the boundary-layer thickness plot of Fig. 5 is the theoretical turbulent boundary-layer thickness δ turb as a solid line and the CFD prediction of the flat-plate boundary-layer thickness as a dashed line. The measured experiment data were about 30-80% higher than the theoretical prediction for the boundary-layer thickness. However, it should be noted that the theoretical prediction for the turbulent boundary layer is based on correlations without a boundary-layer trip strip, whereas the velocity profile data for flow of air at U e 10 m∕s in the wind tunnel were collected behind a boundary-layer trip strip. The CFD simulation, which was conducted without the use of a trip strip, was within 12% of the theoretical prediction for the same conditions.
A benchmarking of the k-ω turbulence model and Reynolds stress model (RSM) viscous models were also completed for touchdown distance x td , behind a single backward-facing step, identical to the geometry shown in Fig. 2 . Two cases were considered with LH 2 . In the first case, the flow speed was U e 1 m∕s over a 2.54 cm step height, and the second case was a flow speed of U e 2 m∕s over a 1.27 cm step height, yielding in each case a Reynolds number based on step height of Re h 72; 000. The CFD-predicted nondimensional reattachment length x td ∕h of 6.5 was in agreement within 6.5% of published values at similar Re h [11] . It is interesting to note that, in the Re h range of interest to this study, the velocity profiles in the recovery region behind the backward-facing step are not fully recovered even at 20 step heights behind the separation [11] . This is particularly relevant for the isogrid wall cases because it means that the nature of the boundary layer approaching a subsequent step or discrete obstruction element will be deviated (more turbulent) as compared with a flat-plate boundary layer approaching the element, especially with typical isogrid spacing-to-height (s∕h) ratios of 2 to 8 (see Table 3 ). CFD simulations of flow over discrete ribs were also completed and shown to be in good agreement with experimental data and low-speed analytical solutions [16] [17] [18] [19] .
An example of the two-dimensional study that was performed is shown in the upper portion of Fig. 6 and is scaled to match the geometry and operating conditions of the wind-tunnel experiments. All CFD domains have a velocity inlet and a pressure outlet and employ symmetry boundary condition on the upper-surface of the domain.
The distance from the velocity inlet to the first backward-facing step is 5 cm for all simulations, and velocity profile measurements and boundary-layer thickness are measured with respect to the top of the obstruction elements. Obstruction elements are defined by a height h, center-to-center element spacing s, and element thickness t.
The lower plot of Fig. 6 shows velocity magnitude contours over the isogrid obstruction as well as a detail of the streamlines behind the first discrete obstruction element. As opposed to a monotonically increasing boundary-layer thickness over a smooth flat plate, the boundary-layer thickness over the wall lined with discrete obstruction elements undulates while increasing. Recirculation zones exist downstream of each obstruction element that in turn influences the layer above the obstruction element. The nondimensional reattachment distance x td ∕h for the first discrete obstruction element is about 5.9, whereas the nondimensional reattachment distance from the first backward-facing step was x td ∕h 6.5.
In addition to the two-dimensional studies, a three-dimensional study of the boundary-layer flow over the isogrid wall geometry used in the wind-tunnel experiments was also performed. The geometry that was investigated in the three-dimensional CFD study is shown in the upper portion of Fig. 7 .
The three-dimensional geometry used an unstructured tetrahedral mesh with Spalart-Allmaras and κ-ω models to perform mesh refinement. The mesh density was increased in the vicinity of the walls until a grid independent solution was obtained. Once the mesh was refined, the RSM and large-eddy simulation models were used. Symmetry boundary conditions are used on the sides of the domain to replicate the geometry of the isogrid panel used in the wind-tunnel experiments. An example of the velocity contours is shown in the lower portion of Fig. 7 , and several features are noted that are shared with the twodimensional studies: the velocity field upstream of obstruction elements is altered; the pressure field upstream of obstruction elements is altered; the recirculation zones behind elements induce vertical velocity components; and a significant thickening of boundary layer relative to flat plate at the same freestream conditions occurs. The streamline traces also demonstrate that the flow has a three-dimensional nature as well, meaning that the boundary-layer profiles at different spanwise locations across the plate may be different.
A comparison of the CFD predicted boundary-layer thickness between the smooth flat plate and a three-dimensional isogrid plate is shown in Fig. 8 for a LH 2 flow at U e 3.5 cm∕s using the same geometry as used in the wind-tunnel experiment (s 4.5 cm, h 1.8 cm, t 0.25 cm). The boundary-layer thickness was calculated at three spanwise planes within the domain shown in the upper portion of Fig. 7 .
CFD predictions at 5 cm from the leading edge, which is before the start of the isogrid section, agree between the smooth wall and all three spanwise locations ahead of the isogrid section. After the onset of the isogrid section, there is a significant deviation between the smooth flat plate and the isogrid simulation; this deviation is markedly noticed at 10 cm. The plot also shows the predicted boundary-layer thickness at the three spanwise locations across the isogrid plate. There is about an 18% maximum peak-to-peak variation in boundary-layer thickness with spanwise direction along the isogrid wall. This deviation is significantly smaller than the deviation between the isogrid wall and the smooth flat plate. Taking an average of the three spanwise predictions shows that the isogrid wall results in a boundary-layer thickness that is 86% thicker than the CFD predicted flat-plate boundary-layer thickness at 70 cm from the leading edge of the plate. The CFD-predicted boundary-layer thickness is about 12% thicker than the turbulent boundary-layer thickness at 70 cm.
In addition to the two-and three-dimensional CFD studies that replicated the geometry used in the wind-tunnel experiment, a series of two-dimensional parametric CFD studies were performed to investigate the sensitivity of the velocity profiles and boundary-layer thickness to the obstruction geometry. CFD simulations using LH 2 with a freestream velocity of U e 2 m∕s and varying obstruction geometries were completed. All simulations have a 5 cm entry length before the first backward-facing step. The transition distance from a laminar to a turbulent boundary layer on a flat plate for LH 2 at U e 2 m∕s is 6.7 cm; the Reynolds number at 100 cm is Re x100 cm 7.5 × 10 6 ; and the theoretical turbulent boundarylayer thickness at 100 cm is δ turb 1.67 cm. A summary of geometries investigated, the resulting velocity profile distributions, boundary-layer thickness, and the percent deviation between the grid cases and the flat-plate CFD are presented in Table 3 . The number of obstruction elements is given by N, and the dimensions of the obstruction elements (height h, center-to-center spacing s, and thickness t) are in accordance with the nomenclature shown in Fig. 6 .
The first two horizontal entries in Table 3 compare the theoretical turbulent boundary-layer thickness at 100 cm, δ 1.67 cm, and the predicted boundary-layer thickness from the CFD simulation, δ 1.87 cm, which shows that the CFD results are about 12% higher than the theoretical prediction. This deviation is consistent with those observed for N 2 and LH 2 over a wide range of Re numbers for the grid-resolution and turbulence model used in the flat-plate simulations (Table 2) .
In the parametric studies, both the spacing s (cases 1-4) and thickness t (case 5) of the isogrid elements were varied, and the resulting boundary-layer thickness were compared with the flat-plate Fig. 7 Example of isogrid plate three-dimensional CFD domain and velocity contours at three different downstream locations and three different lateral positions shown over the surface of a three-dimensional isogrid plate model. Fig. 8 Comparison of CFD predicted boundary-layer thickness between smooth wall flat plate and isogrid wall for LH 2 in a U e 3.5 cm∕s flow.
is again measured from a datum associated with the top of the grid elements. These two cases have the same isogrid spacing, with only the thickness of the individual isogrid elements changing, thus indicating that the thickness of the elements, at these length scales and flow conditions, has little effect on overall boundary-layer thickness. Case 1 shows that the boundary-layer thickness is 162% thicker than the equivalent smooth wall case for the same inlet conditions at 100 cm; case 5 has a boundary-layer thickness that is 146% thicker than the smooth wall CFD case. As more discrete step elements are added, case 2 has twice as many elements as case 1, and the boundary-layer thickness decreases relative to case 1, thus indicating that the effects of the recirculation zone, which induces the vertical velocity components by the elements, is diminished. Case 2 has a boundary-layer thickness that is 90% thicker than the smooth wall CFD case. As more elements are added, the turbulent boundarylayer thickness approaches that of the smooth wall plate for both the turbulent boundary-layer correlation and the CFD prediction. Cases 3 and 4 have boundary-layer thicknesses that are only 17 and 6% thicker that the smooth wall CFD comparison at 100 cm. By comparing the two-dimensional discrete geometry results versus the full three-dimensional isogrid simulations, some differences due to the three-dimensional nature of the flow are apparent. However, the relatively small deviation suggests that the essential features of the isogrid behavior are captured with the two-dimensional geometry, which is the approach that will be used for the tank propellant thermal stratification studies of Sec. IV. Table 3 also presents the run length along the obstruction surface, S, beginning from the leading edge of the plate and following along the contours of the obstruction elements. For example, following along the obstruction elements, a total distance of 144 cm would be traversed at the 100 cm distance. The last column of Table 3 presents the theoretical turbulent boundary-layer thickness by following the run length of the obstruction elements. For case 1, the boundary-layer thickness predicted at 100 cm over the rough wall geometry (δ 4.7 cm) is still larger than the boundary layer at 144 cm of a smooth wall (δ 2.28 cm) by 106%. This is also true for cases 2 and 5, where the boundary layers are 16.4 and 50.6% thicker than the boundary layer over a smooth wall run length, respectively. For cases 3 and 4, because of the closer obstruction element spacing (which begins to resemble a flat plate), the boundary-layer thickness at the equivalent flat-plate run length is larger than the boundary-layer thickness over the rough wall at 100 cm by 49.2 and 70.3%, respectively. Regardless of the obstruction geometry, the forced convection boundary layer is always thicker than the smooth wall at any distance along the plate.
C. Computational-Fluid-Dynamics Results Comparison with Measured Experimental Data
Although experimental data were not readily available to provide temperature versus position within a tank that contains stiffener rings or large-scale obstruction, the numerical model developed in this section was applied to the geometry of the experiment used to collect ground test data for determining helium mass requirements to maintain ullage pressure during a propellant tank draining test for validation [25] . In this experiment, liquid nitrogen was used as a propellant simulant, and helium was used as the ullage pressurant within a tank that contained 13 axisymmetric baffles that mimic the general behavior of a large-scale wall obstruction. The tank has an inner diameter of 1 m, an overall height of 3.3 m, and a wall thickness of 0.016 m, and each baffle is spaced 210 mm apart and has a width of 100 mm and a thickness of 1 mm. The tank is made from AISI304, and the thermal properties of this material were used in the numerical simulation. Thermocouple data along the walls of the baffled tank, as well as helium mass flow into the tank and ullage pressure are provided as liquid nitrogen drains from the tank. In the numerical model, the measured mass flow rate of helium from the experiments was used as an input, and the resultant ullage pressure during the draining process and wall temperature are predicted and compared with the experimental data. The utility of the data presented in [25] is that data are presented for both a smooth wall tank and a tank lined with baffles. According to the experimental data, during the first 100 s of the liquid nitrogen tank-draining process, the tank ullage pressure drops by about 5.3% for the smooth wall tank and about 9.2% for the tank lined with baffles. Although this situation is not identical to the free convection buoyancy-driven flow stratification cases, it does provide some evidence that the numerical model is capable of resolving the differences between a smooth wall tank and a tank lined with baffles. The numerical model developed in this paper, when applied to the conditions of [25] and using the same grid resolution and time step for the thermal stratification studies, predicts a 6.7 and 10.6% decrease in ullage pressure between the smooth wall and baffled tank cases. Although the magnitudes of the pressure decrease are different, the relative difference between the experimental data and numerical model indicate that the effects of the baffle are being accurately modeled.
The experimental data of [25] also show another phenomenon related to the baffles. There is an abrupt and short pressure decrease when each baffle is exposed to the ullage, which is due to the shape of the baffle. The surface area of the baffles makes up about 90% of the inner surface area of the tank, whereas the mass of the baffles is only about 3% of the tank mass. When a baffle is exposed to the ullage, it has a larger effect on the ullage pressure because of its large heat transfer area, but the small heat capacity of the baffle makes this effect disappear rapidly. The effect of the baffle on the ullage pressure decreases as time goes on because the ullage volume increases with time. Similar behavior on the importance of baffle modeling on tank ullage pressure prediction during a tank fill or gas contaminant purging process has also been shown in other numerical simulations [26] .
IV. Application of Computational Fluid Dynamics to Isogrid-Lined Tank Wall Thermal Stratification Modeling
As a result of the time-consuming nature of the three-dimensional thermal stratification CFD studies and because of the similarity to in flow behavior between the two-dimensional and three-dimensional cases observed in the studies of Sec. III.B, the CFD thermal stratification studies of this section will focus on only two-dimensional axisymmetric tanks with discrete obstruction elements, as shown in Fig. 9 . Such a case would be representative of a tank lined with a series of stiffener rings [25] and would be comparable to the Fig. 9 Thermal stratification study tank geometry with liquid fill heights of H 0.3 m and H 0.6 m. obstruction geometry shown in Fig. 2 as well as the two-dimensional CFD studies shown in Figs. 7, 8 . Future studies will focus on threedimensional thermal stratification for specific isogrid geometries. The purpose of Sec. IV is to examine thermal stratification phenomena and Rayleigh-number scaling trends associated with various two-dimensional discrete elements that line an otherwise smooth tank wall.
As an example of the application of CFD to make predictions of thermal stratification within a rocket propellant tank, first consider an example comparing two tanks filled with water with a constant heat flux being applied to the tank walls while the top and bottom of the cylindrical tank have adiabatic walls. The first tank has smooth walls and the second tank has a wall lined with discrete two-dimensional axisymmetric circumferential obstruction elements. As the walls of the tanks are heated, a buoyancy-driven free convection boundary layer develops on the inner wall of the tank, and depending on the heat load, tank acceleration, fluid properties, and geometry of the tank, the boundary layer may be laminar or turbulent [1] . The tank geometry, obstruction element layout, and CFD data collection planes used in the thermal stratification studies of Sec. IV are shown in Fig. 9 .
There are several approaches to scaling the tank geometry to make comparisons between the smooth wall tank and the tanks lined with various obstruction element geometries. For example, thermal stratification within a smooth wall tank with the same liquid fill height as the run length along the rough wall tank could be completed. However, the liquid volume within the tank and the heated area would not be identical unless the radius was varied. Similarly, the heat power input or the heat flux could be matched between the smooth and rough wall tank; however, the run length or liquid volume would not be identical between the two tanks. The approach taken in this study is to keep the tank radius and liquid fill height identical between the smooth and rough wall tanks. For the obstruction element geometries that will be considered, the two tanks have comparable liquid volume (within 0.5%) consistent with maintaining propellant and tank size mission and vehicle requirements. Figure 10 shows a comparison of the thermal boundary layer in two tanks, both with R 10 cm and completely filled with water, L H 20 cm, at two different times t 30 s and t 200 s. The left images are for a smooth wall tank, and the right images are for a tank lined with a large-scale obstruction elements of dimension h 1 cm, s 2.6 cm, and t 0.2 cm. In this example, the local acceleration is 1∕100th of the gravitational acceleration on the surface of the Earth (g∕g 0 0.01).
For the rough wall tank, there are seven obstruction elements in the tank, and the run length along the obstruction surface S is 34 cm, which corresponds to 70% more wall length as compared with the smooth wall tank (L H S 20 cm). The smooth wall tank has a volume of 6283 cm 3 and a heated surface area of 1257 cm 2 , giving a volume-to-surface area ratio of 5. The rough wall tank has a volume of 6200 cm 3 , which is 1.3% smaller than the smooth wall tank, and a heated surface area of 2084 cm 2 , which is an increase of 65.8% more than the smooth wall tank. The volume-to-surface area ratio of the rough wall tank is 2.98, which is 40.5% less than the smooth wall tank.
Several differences in the bulk fluid temperature are evident between the smooth wall and rough wall results shown in Fig. 10 . At t 30 s, there is a laminar boundary layer that has formed on the smooth wall case, whereas for the rough wall, the boundary-layer thickness does not increase monotonically up the wall. The additional heating due to the increased surface area is evident, and the average temperature of the fluid in the tank is warmer for the rough wall case. At t 200 s, the boundary layer in both tanks is delivering warm fluid from the wall radially inward at the top of the tank, forming a thermally stratified layer of fluid. Unlike the simplified analytical models, the CFD demonstrates the three-dimensional nature of the secondary recirculation flow that develops within the tank. The CFDpredicted velocity and thermal boundary-layer profiles along the smooth wall tank are in good agreement with analytical correlations for the initial 60-80% of the vertical wall depending on simulation time [4, 5, 22, 23] . The agreement, as expected, is poorer near the top of the tank because the warm boundary-layer fluid is forced to turn radially inward, whereas the correlations are based on onedimensional flow along an infinite vertical wall.
The velocity boundary layer along the rough wall may have peak velocities that are either larger or smaller than the smooth wall case at the same vertical location, at the same time, depending on the proximity to an obstruction element or recirculation zone setup in between the obstruction elements. The thermal boundary layer, however, is thicker than the smooth wall case for all periods of time and all positions along the wall. The thicker thermal boundary layer results from the increased surface area available for heat transfer in the rough wall tank as well as the flow recirculation zones set up near the obstruction elements, which help to more effectively mix the warm wall fluid with the cooler bulk fluid. In this example, at 200 s, the rough wall tank has stratification-layer thickness Δ, which is 30% thicker than the smooth wall tank (in this paper, the bottom of the stratum layer is identified by a 5% increase in temperature above the bulk fluid temperature on the centerline of the tank). The average temperature of the stratified layer, and the average temperature of the fluid in the tank, is also warmer in the rough wall case.
The implications for upper-stage rocket propulsion are also demonstrated by this example. At the conclusion of an upper-stage coast, the temperature of the propellant must be within a designated range to ensure engine restart. If the fluid is too warm, the engine may not function properly. This section will examine a variety of tank geometries, fluids, and reduced gravity ratios (Ra numbers) to compare the behavior of thermal stratification (stratification layer thickness and temperature) between smooth wall and rough wall tanks.
A. Grid Resolution, Time
Step, and Ra Number Scaling of Tank Thermal Stratification A grid-resolution and time-step sensitivity study was completed on the domain geometry shown in Fig. 9 to ensure grid and time-step independence of the converged numerical solution. To capture the details associated with the thermal stratification for tanks of similar geometry to those considered here, grid sensitivity studies have shown that grid spacing of 0.2-2 mm is required to properly capture the details associated with the buoyancy-driven flow at Earth gravity levels [27] . However, a new contribution is the dependence of grid on the acceleration level of the tank, which (for orbital coast applications) is significantly lower than Earth gravity levels (see Table 1 ).
The minimum time step required for capturing the details of the free convection boundary layer increases in size with flow time as the boundary layer grows in thickness. The time-step criterion developed by Bejan [28] was used as a guideline to establish the required timestep size. As the initial buoyancy-induced velocity and thermal boundary layers begin to develop, the flow speeds associated with free convection are small (especially at highly reduced gravity levels), thus requiring a very small time step and extensive computational time. As the flow begins to develop and wall heating progresses, the flow speeds increase, and the details of the boundary layers and flow around the discrete elements are sufficiently resolvable with larger time steps. Simulations were completed with both a fixed and adaptive time step, and time-step independence was verified for both cases; ultimately, the adaptive time-step approach with a fixed grid was used for all simulations presented in this section.
Grid and time-step sensitivity studies were completed at fixed laminar Ra number of 4.7 × 10 5 with reduced gravity levels g∕g 0 10 −2 , 10 −3 , and 10 −4 and temperature difference between the wall and the initial temperature of the bulk fluid, θ w 0.1, 1, and 10. The top and bottom of the cylindrical tank have adiabatic walls. The scaling parameter Ra, discussed in Sec. II.B, is applicable to smooth vertical walls inside an infinite expanse (i.e., no end effects or recirculation zones) but has also been shown to hold for the regions of a finite container before the point when the boundary layer is redirected radially inward to form the stratification layer [1] [2] [3] [4] [5] . Water tanks with R 0.15 m and H 0.3 m were run to 10,000 s, and the temperature and velocity distributions within the domain were compared as a function of cell density and time step. The grid spacing was refined until velocity and temperature profiles for the three cases showed no differences with respect to each other for all four combinations of g∕g 0 and θ w at constant Ra.
As an example, Fig. 11 shows the CFD-predicted nondimensional temperature profiles at 100, 1000, and 10,000 s as compared to both laminar [Eq. (5)] and turbulent [Eq. (8) ] free convection buoyancydriven boundary-layer theory for water at Ra 4.7 × 10 5 , θ w 10 K, g∕g 0 10 −3 , R 0.15 m, and H 0.3 m. Temperature profiles using the nondimensionalization ξ θ∕θ w T wall − T fluid ∕θ w , are plotted versus nondimensional tank radius r∕R at nine different vertical locations within the tank in accordance with the geometry shown in Fig. 9 . Note that each individual plot of Fig. 9 is zoomed in on the details of the boundary layer, beginning with a thin region a location 1 (0.86 < r∕R < 1) to a larger region where the boundary layer has grown thicker at location 9 (0.53 < r∕R < 1).
In Fig. 11 , the steady-state laminar and turbulent boundary-layer theoretical solutions vary as a function of vertical location along the tank wall but do not vary with time. At locations near the bottom of the tank (locations 1-3) , the CFD overpredicts the thermal boundarylayer thickness for all times. The overprediction of the CFD is due to the very low speeds associated with the initial development of the boundary-layer velocity near the bottom of the tank. At midwall locations (4-7), which best represent an infinite expanse with a developed velocity and thermal boundary layer, the CFD and laminar theoretical solutions show better than 5% agreement at 1000 s. At earlier times (100 s), the CFD tends to underpredict the steady-state solution (the boundary layer is still approaching steady state) by about −22%, and at later times (10,000 s), the CFD overpredicts the thermal boundary-layer thickness. At 10,000 s, for a small tank of this size, the wall boundary layer is also being influenced by the secondary flow recirculation within the tank. Toward the top of the tank (locations 8 and 9), there is a larger deviation between the CFD solutions and the theoretical predictions because the warm stratum is being turned radially inward at the top of the fluid layer (see Fig. 1 ), which substantially thickens the boundary layer. At these locations, other than for early initial times, the notion of the velocity and thermal Fig. 11 Nondimensional temperature profile comparison between CFD and theory for water with Ra 4.7 × 10 5 , g∕g 0 10 −3 , and θ w 10 K. boundary layers, as described by theory, is no longer valid because the flow is highly two-dimensional and does not mimic the onedimensional free convection flow described by the theoretical solutions. As time progresses, the wall boundary-layer velocity and temperature profiles deviate further and further from theory, until all the fluid in the tank achieves the wall temperature and heat transfer ceases for the constant wall temperature case.
Another useful metric for comparison between the CFD results and theoretical predictions is the energy flow rate χ of the warm fluid traveling vertically along the wall against the gravity gradient. To calculation the energy flow rate, the velocity and temperature profiles are integrated across the boundary-layer thickness at a fixed vertical location along the wall at a fixed time according to Eq. (9):
Midway up the wall (locations 4-6), the CFD-predicted energy flow rate underpredicts the steady-state theoretical energy flow rate at 100 s and overpredicts at 10,000 s, as is consistent with the individual predictions of velocity and temperature profile at these locations and times. The energy flow rate will be used in Sec. IV.B as a metric to compare the transport of warm liquid between smooth and rough wall tanks at identical conditions. To further examine Ra scaling using the CFD model, a study was performed to check scaling between water and LH 2 at two different laminar Ra numbers in a smooth wall tank, as shown by cases 1-2 and 3-4 of Table 4 .
The two cases were simulated on the same grid and used the same time step. Results were compared at 100, 1000 and 10,000 s, and the difference between the two solutions was largest at 10,000 s and was about 9%. Within this simulation time period, the difference was considered to be acceptable for the purpose of the studies conducted herein. Similar agreement was found for cases 3 and 4 in Table 4 , suggesting that, for smooth walls, the Ra scaling between fluids and laminar Ra numbers holds reasonably well. Trends and deviations as compared with laminar and turbulent boundary-layer theory exhibited similar behavior as shown in Fig. 11 .
Rayleigh-number similitude was also examined for the rough wall tank to determine if a similar scaling as found in the smooth wall tanks still holds. Cases 3 and 4 in Table 4 were used for this study, and both cases featured the same wall obstruction geometry (R 0.15 m, H 0.3 m, s 1.78 cm, h 0.178 cm, and t 0.076 cm) as shown in Fig. 9 . Both cases were simulated to 1000 and 10,000 s, and because two different fluids with the same Ra but different g∕g 0 and θ w are compared on the same plot, temperature profiles are also plotted using the nondimensionalization ξ θ∕θ w against the nondimensional radius from 0.9 < r∕R < 1. The results are shown in Fig. 12 .
The results shown in Fig. 12 demonstrate that the scaling comparison between water and LH 2 over a tank wall with obstruction elements does hold relatively well by matching Ra. In this comparison, the trend that the boundary-layer thickness grows with time at all vertical locations along the tank wall is consistent for both the water and the LH 2 . At each vertical location within the tank, the LH 2 boundary layer is thicker than the water boundary layer at the same time by about 3-8%. As an example, at the middle of the tank (location 5), the nondimensional LH 2 thermal boundary layer is about 2.8% thicker than the water thermal boundary layer.
B. Buoyancy-Induced Flow in Tanks with Obstruction Elements
To further examine the effect of isogrid-type obstruction on thermal stratification, six cases were simulated using the CFD model discussed in Sec. IV.A for both smooth wall tanks and tanks lined with obstruction. The six cases are summarized in Table 5 . The constant wall temperature heating is applied to the walls of the tank, whereas the top and bottom of the cylindrical tank have adiabatic walls. Cases 1 and 2 examine two different Ra numbers for LH 2 in smooth and rough wall tanks with radius of R 1.5 m and a fill level of H 0.6 m. Cases 3 through 6 examine water thermal stratification in a tank with radius of R 0.15 m and fill level of H 0.3 m at two different Ra numbers and two different obstruction spacing distances s. For each of the cases shown in Table 5 , the velocity and temperature profiles and energy flow rate as a function of time at the nine locations along the tank wall were measured, as shown in Fig. 9 .
For cases 1 and 2, the volume of the smooth wall tank is 4; 241; 150 cm 3 , and the internal surface area is 56; 549 cm 2 , which gives a volume-to-surface area ratio of 75 cm. For the rough wall tank, there are 33 obstruction elements in the tank below the liquid fill level. The total length tracing a line along the obstruction elements is 71.75 cm, which corresponds to 20% more wall length and 19.6% more surface area available for heat transfer than in the smooth wall cases. The volume of the tank is reduced by 0.01% due to the presence of the internal obstruction elements. The rough wall tank has a volume-to-surface area ratio of 62.72, which is 16.4% lower than the smooth wall tank equivalent, and is shown in Table 5 as %V∕S.
For cases 3 and 4, the volume of the smooth wall tank is 21; 206 cm 3 , and the internal surface area is 2827 cm 2 , which gives a volume-to-surface area ratio of 7.5 cm. For the rough wall tank, there are 16 obstruction elements in the tank below the liquid fill level. The total length along the obstruction elements is 33.78 cm, which corresponds to 13% more wall length and 12.5% more surface area available for heat transfer as compared with the smooth wall case. The volume of the tank is reduced by 0.06% due to the presence of the internal obstruction elements. The rough wall tank has a volume-tosurface area ratio of 6.66, which is 11.2% lower than the smooth wall tank equivalent.
For cases 5 and 6, the volume of the smooth wall tank is the same as in cases 3 and 4 at 21; 206 cm 3 , and the surface area is also 2827 cm 2 , with a volume-to-surface area ration of 7.5 cm. For the rough wall tank, there are 90 obstruction elements in the tank below the liquid fill level. The total length tracing along the obstruction elements is 51.24 cm, which corresponds to 71% more wall length and 70.3% more surface area available for heat transfer as compared with the smooth wall case. The volume of the tank is reduced by 0.36% due to the presence of the internal obstruction elements. The rough wall tank has a volume-to-surface area ratio of 4.39, which is 41.5% lower than the smooth wall tank equivalent.
Cases 1 and 2 best represent the low-acceleration coast conditions for a typical upper-stage vehicle used to insert a satellite or payload into a high-altitude orbit employing LH 2 propellant. The LH 2 propellant tank geometry and coasting acceleration conditions for case 1 in Table 5 are identical to those described in the propellant thermal stratification studies described in [1] . Cases 1 and 2 examine a cylindrical tank with radius R 1.5 m and an LH 2 fill level of 0.6 m. For case 1, the nondimensional velocity (ζ U∕U max ) and temperature (ξ θ∕θ w ) boundary-layer profiles are shown in Figs. 13 and 14 , respectively, comparing both the smooth and rough wall tanks. For this tank geometry and at this laminar Ra number (Ra 5.76 × 10 6 ) and reduced gravity level (g∕g 0 10 −4 ), the velocity profile shapes and magnitudes are in general agreement between the smooth wall and rough wall tanks. The peak boundarylayer velocities u max between the two cases agree to within 12%, and depending on the proximity to an obstruction element, either the smooth wall or rough wall peak velocity may be larger (compare locations 3 and 7 in Fig. 13 ). The greatest deviation in the velocity profiles occurs in the proximity of an obstruction element where deflection of the boundary-layer streamlines and flow recirculation zones occur, which penetrate much further into the bulk fluid for the rough wall as compared with the smooth wall (compare locations 5 and 6 in Fig. 13 ). The velocity boundary layer grows with time in a manner consistent with theory for the both the smooth and rough wall tank.
The thermal boundary layer for the rough wall is thicker at all times and at all locations along the wall as compared with the smooth wall tank, as can be seen in Fig. 14 , with the greatest deviation from the smooth wall case occurring in the proximity of the obstruction elements, for example at locations 3, 6, and 9. The energy flow rate is about 10% higher in the rough wall case as compared with the smooth wall after 1000 s of flow time. The resulting thickness of the thermal stratification layer Δ (see Fig. 1 ) in the rough wall tank is about 6% thicker at the tank centerline as compared with the smooth wall tank stratum layer, and the average temperature of the stratum layer is also warmer in the rough wall tank by about 8% above the smooth wall case.
Case 2 has the same obstruction element geometry as case 1, but the higher Ra 5.76 × 10 9 indicates a partially turbulent wall boundary layer as compared with case 1. The peak boundary-layer velocities of the smooth wall are higher than the peak velocities for the rough wall at the same time and same location, although the velocity boundary layers are thicker for the rough wall. At this Ra and with this obstruction geometry, these two effects tend toward negating each other such that the entrained mass flow is comparable between the smooth and rough wall. The thermal boundary layer is again thicker for the rough wall at all times and at all locations as compared with the smooth wall. The energy flow rate is about 50% higher in the rough wall case as compared with the smooth wall after 1000 s. The resulting growth in the thickness of the thermal stratification layer that occurs in the rough wall tank is increased by about 5% above the smooth wall, and the resulting temperature of the stratum layer is also warmer by about 10% above the smooth wall case.
Comparing cases 1 and 2, the magnitude of both the energy flow rate and the thermal stratification increased for both the smooth wall and rough wall tanks as the Ra number increased. As the Ra number increased by three orders of magnitude from cases 1 to 2, the energy flow rate within the boundary layer increased by 1900% for the smooth wall tank, and the energy flow rate within the boundary layer of the rough wall tank increased by 2630%. The change in percentage difference between the two cases demonstrated that there is a 38% increase in the magnitude of the thermal stratification for the rough wall tank as the Ra number was increased. Although the percentage increase in the size of the stratum layer was approximately the same between the rough wall tank and smooth wall tank at both Ra numbers, the difference of the stratum-layer temperature between the two cases increased by about 20% for the rough wall tank as the Ra number increased.
Cases 3 through 6 use a smaller tank with radius R 0.15 m and water with a fill level of H 0.3 m; all cases have a laminar boundary layer along the walls of the tank. For case 3, both the velocity and temperature profiles show significant differences between the smooth wall and rough wall tanks at Ra 2.31 × 10 6 . Peak velocities are larger for the smooth wall by as much as 100% at some locations; however, the rough wall velocity profiles are thicker (5-30%) in the proximity of the obstruction elements due to streamline deflection and the presence of recirculation zones. These observations regarding the comparison between the smooth wall and rough wall velocity profiles are consistent with the trends of cases 1 and 2 in that the smooth wall tank typically has larger peak velocities but thinner boundary layers than the rough wall tank at the same times and location. The thermal boundary layer is always wider at all times and locations for the rough wall tank as compared with the smooth wall tank. For case 3, the energy flow rate is larger for the smooth wall tank by about 26%, and the thickness of the resulting stratification layer is larger in the smooth wall tank than the rough wall tank by about 18%; however, the resulting thinner stratification layer in the rough wall tank case is warmer by about 6% as compared with the smooth wall tank. This increase in the stratum temperature is due to the increased area available for heat transfer between the rough wall tank and the smooth wall tank. Similar to case 3, the case 4 velocity and temperature profiles show significant differences between the smooth wall and rough wall tanks at Ra 2.31 × 10 7 , as shown in Figs. 15 and 16 , respectively. The largest peak velocities occurred for the smooth wall tank but the boundary-layer thicknesses were larger for the rough wall but less so as compared with case 3. The thermal boundary layer is always wider at all times, and locations for the rough wall as compared with the smooth wall tank can be seen in Fig. 16 . Energy flow rates trends were similar, with a peak energy flow rate occurring around location 4-6. The resulting energy flow rate was about 3% higher in the rough wall tank case than in the smooth wall tank. The resulting stratum layer is about 16% thicker for the smooth wall case as compared with the rough wall tank; however, the resulting temperature of the stratum layer is warmer by about 8% in the rough wall case.
The trends that exist with increased Ra number for cases 3 and 4 are consistent with the trends observed for the larger tank trends of cases 1 and 2 as Ra number increased. As Ra number increases, the energy flow rate increases for both the smooth wall tank and rough wall tank, and as Ra number increases, the percentage of thermal stratification between the rough wall tank and the smooth wall tank also increases.
Cases 5 and 6 compare with cases 3 and 4 for Ra number, respectively, except that the number of obstruction elements has been increased from 16 to 90, which substantially increases the available area for heating in the rough wall tank. In case 5, both the velocity profiles and the temperature profiles have larger magnitude for the rough wall tank as compared with the smooth wall tank. Consequently, the energy flow rate is 44% higher in the rough wall tank, leading to both a thicker and warmer stratification layer for the rough wall tank. In case 5, the stratum layer is 12% thicker for the rough wall tank, and the temperature is 15% warmer than the smooth wall tank.
In case 6, the larger Ra number leads to velocity profiles that are larger in magnitude for the smooth wall tank as compared with the rough wall tank; however, the temperature profiles are again thicker for the rough wall tank. The energy flow rate is slightly larger for the smooth wall tank as compared to the rough wall tank in case 6 by 9.5%. The stratum layer is thicker for the smooth wall tank by 3%, but the stratum temperature is larger for the rough wall tank by 17%.
Comparing cases 5 and 6 with cases 3 and 4 demonstrates that, as the Ra number is increased, the percentage thickness of the stratum layer between the rough wall and smooth wall tanks decreases, whereas the percentage difference in stratum temperature increases with increasing Ra number (as was also seen by comparing cases 1 and 2). Cases 5 and 6 result in significantly warmer stratum temperatures than cases 3 and 4 because of the increased number of obstruction elements and the consequent increase in available area for heat transfer. The 90-element rough wall of case 5 led to 160% more energy flow rate than the 16-element rough wall of case 3, and the 90-element rough wall of case 6 led to 52% more energy flow rate than the 16-element rough wall of case 4. These observations are consistent with comparing cases 1 and 2 as well as comparing cases 3 and 4. As the Ra number increases, the magnitude of the energy flow rate increases. Cases 5 and 6 demonstrate that, for large numbers of obstruction elements, as the Ra number is increased, the rough wall velocity profiles begin to approach the smooth wall case (as was shown in Table 3 ); however, because of the larger surface area available for heating, the stratification fluid is always warmer in the rough wall case.
C. Application to Thermal Stratification in Upper-Stage Rocket Propellant Tanks
The LH 2 propellant tank geometry and coasting acceleration conditions for case 1 in Table 5 are identical to those described in [1] . Using the CFD-predicted velocity and temperature profiles for a rough wall tank in conjunction with analytical models of propellant temperature change due to thermal stratification an estimate of the additional thermal stratification that occurs due to the presence of a rough wall could be estimated. The CFD model for case 1 was run to 4 h of mission time (14,400 s), and velocity and boundary-layer profiles at three tank stations (locations 2, 5, and 9 in Fig. 9 ) were recorded at 100 and 1000 s, and then at 1000 s increments thereafter for the duration of the 4 h mission, and the profiles were polynomial curve fitted. The curve fits were then used to estimate the thickness of the resulting stratum layer and temperature using the correlation framework presented in [1] . In [1] , a tank with radius R 1.5 m and LH 2 fill level of 0.6 m coasting at g∕g 0 10 −4 and θ w 1.0 K develops a stratum layer with thickness of 16.2 cm with an average temperature that is 0.73 K hotter than the bulk LH 2 temperature. Using the same conditions in [1] (g∕g 0 10 −4 and θ w 1.0 K) and the obstruction geometry of the tanks examined in cases 1-4 of Table 5 , after 4 h, the rough wall tank has a stratum layer with a thickness of 19.1 cm, which is 18% thicker than the smooth wall tank. The average temperature of the stratum fluid in the rough wall tank is 0.96 K hotter than the bulk LH 2 temperature, which is 31% warmer than the smooth wall tank. The resulting increase in stratum-layer thickness is due to the enhanced entrainment of mass due to the wall obstruction, and the resulting increase in stratum-layer temperature is due to the combined effect of increased area available for heat transfer (19.6% increase) due to the wall obstruction as well as the increase in energy flow rate within the boundary layer resulting from the enhanced thickness of the thermal boundary layer. This example illustrates typically expected changes in the stratum-layer thickness and temperature of a tank lined with obstruction elements as compared with a smooth wall tank. Although the magnitudes do not appear to be large, it is important to remember that often the temperature and pressure conditions for upper-stage engine restart at the conclusion of a coast phase can be confined to a relatively narrow window, and even small changes in average fluid temperature can be important. It should also be noted that, even in the presence of a tank with rough wall elements, it does not appear that, for the conditions and geometries investigated in this study, the thermal stratification layer will reach the sump end of the tank in the rough wall tank case. This indicates that the bulk fluid, which is first drawn into the engine during restart remains cold and unaffected by the larger stratum layer or additional heat transfer attributable to the increased tank surface area due to the wall obstruction elements.
V. Conclusions
To ensure proper operation of upper-stage engine turbomachinery after an orbital transfer coast, accurate modeling of the thermodynamic state of the propellants is needed. The focus of this work is to understand the behavior of a flow over an isogrid surface and to use experimental data to validate a CFD model. This work has indicated that the thickness of the layer adjacent to the isogrid wall in a forced freestream flow may be substantially thicker than the equivalent flatplate boundary-layer thickness, depending on the isogrid geometry and flow conditions. Furthermore, the flows of this type are often highly three-dimensional in nature due to the presence of recirculation zones upstream and downstream of the obstruction elements.
When the CFD model was applied to conditions and geometries consistent with upper-stage rocket and spacecraft propellant tanks, it was found that thermal boundary layers are always larger for isogridtype obstruction versus smooth wall at all times and locations along the tank wall. This is due to two effects: 1) an increase in the available area for heat transfer due to the larger area of the rough wall as compared with the smooth wall; and 2) the obstruction induces significant streamline deflections and recirculation zones both upstream and downstream of the wall elements, which more effectively transfer heat to the bulk fluid. For all cases, the resulting temperature of the stratum layer is higher in the rough wall tank than in the smooth wall tank at the same conditions. Furthermore, velocity boundary-layer shapes and magnitudes may be significantly altered for the rough wall as compared with the smooth wall case. The peak boundary-layer velocity may be larger or smaller (relative to smooth wall) depending on Ra, obstruction geometry, and vertical location along the wall. The rough wall velocity profile tends to be thicker relative to smooth wall at all locations and times due to streamline deflection and the presences of recirculation zones.
When the results of this study are applied to a full-scale liquidhydrogen tank with obstruction elements, the stratification layer was 18% thicker, and the stratum fluid temperature was 31% warmer than the smooth wall tank. The increase is due to the augmented heat transfer area in the tank with obstruction elements and due to the enhanced mixing and transport of fluid due to the obstruction element induced recirculation zones.
Improved models for thermal stratification can be used to more accurately predict the resulting fluid temperature inside of a rocket's propellant tank due to the augmented heat transfer that occurs because of the isogrid geometry. These models will provide mission planners with improved tools to ensure mission reliability. Future work will focus on performing velocity and temperature boundarylayer measurements on a heated isogrid plate with a forced freestream flow as well as in a model tank with wall obstruction elements filled with water. A study is also underway to examine the impact of an isogrid-lined wall on propellant slosh dynamics.
